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[1] We examine waveforms and data used to construct coda magnitude in southern
California to estimate the spatial variation of coda Q and its dependence on frequency. Our
analysis combined with independent borehole data suggests that coda is mainly generated
by multiple scattering in the upper few kilometers of the crust where large impedance
contrasts occur because of surface layering or fracturing. The ubiquitous observation that
coda Q increases with frequency is explained as arising from multiple reverberations in the
upper crust. We suggest that the telegraph model that has been successfully used to
describe reflection seismogram multiples in the exploration industry may also apply to
earthquakes. Under this model the apparent increase of Q with frequency is due to
trapping of high-frequency energy in the upper crust. This behavior is expected if the
associated reflector series has an exponential autocorrelation function, a feature of the
telegraph model. At lower frequencies, trapping is less efficient. The combined
effects give rise to an apparent absorption band that we suppose is superimposed on
frequency-independent intrinsic attenuation. Maximum apparent attenuation occurs at
wavelengths equal to the dimensions of the regions of upper crust that contain the
scattering layers. At lower frequencies, trapping is less effective, and attenuation decreases
as the longer-wavelength waves sample the deeper crust and upper mantle where
because of overburden pressures, acoustic impedance contrasts are less extreme. By taking
spectral ratios of coda waves to direct S, we estimate that intrinsic Q is high (3000)
and that coda may be modeled as multiple scattered S waves in a region of anisotropic
scattering. The exponential decay of the coda is a result of the perfectly reflecting surface
of the Earth with backscattering from random near-surface layers causing progressive
leakage and loss of energy downward into the more transparent lower crust and mantle.
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1. Introduction
[2] Coda decay has been used as a measure of the
magnitude of seismic sources including earthquakes and
explosions. The coda is thought to be due to scattering of
direct waves from heterogeneities in the crust and mantle
[Aki, 1980]. Being an integrated measure of scattering
effects, it has proved to be a robust estimator of source
strength, as it averages out focal mechanism and local
focusing-defocusing effects, both of which affect body
wave amplitudes. However, the nature of the coda decay
has been controversial. Models have been proposed that
describe it as a combination of scattering and absorption,
and the models differ as to the distribution of scatterers and
whether absorption or scattering, or both, dominate the
decay [Aki and Chouet, 1975; Frankel and Wennerberg,
1987]. The standard approach is to distribute the scatterers
randomly in an infinite isotropic medium, to integrate the
scattered wavefield under various approximations, such as
weak scattering from small impedance contrasts, and to sum
the effects of single or multiple scattering. Understanding
the physics of coda decay is important if reliable estimates
of earthquake size or explosion yield are to be made.
[3] Since the late 1970s, coda envelopes measured at
stations of the Southern California Seismic Network for a
given event have been fit to a simple power law decay
comprised of two parameters: an amplitude term and the
power law exponent. These parameters have been stored in
the Southern California Earthquake Data Center (SCEDC)
and can be used to reconstruct smoothed coda envelopes.
By restricting the analysis to narrow magnitude bands, the
coda decay, and hence coda Q, can be estimated as a
function of frequency. Digital waveforms have been stored
for a subset of these data, with the most complete set after
the year 2000. We make estimates of coda Q using both data
sets, which serves as a comparison, as well as adding data
for stations for which waveforms are not available.
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[4] We use the coda Q values to test the hypothesis that
scattering concentrates in the uppermost crust where im-
pedance contrasts are greatest either due to sedimentary or
metamorphic layering and where, by virtue of lower over-
burden pressure, damage caused by past tectonic events has
generated significant heterogeneity. We describe the scat-
tering by the telegraph model, a model that was originally
developed for telecommunications [e.g., Papoulis, 1965].
Originally, telegraph signals relied on switching the carrier,
or voltage, on and off to transmit signals, such as Morse
code. A random telegraph wave has two states and switches
between them at random moments. The telegraph model has
been effective in describing, in a statistical sense, the effects
of stratigraphic sequences on reflection seismograms used
in exploration geophysics [Banik et al., 1985b].
2. Coda Models
[5] The earliest models of scattering [e.g., Pekeris, 1947;
Chernov, 1960; Wu and Aki, 1988] calculated the wavefield
generated by single scattering from randomly distributed
heterogeneities in an infinite elastic medium assuming that
impedance contrasts are small enough that the Born approx-
imation can be applied. Noting that the Born approximation
does not conserve energy, Frankel and Wennerberg [1987]
and Zeng et al. [1991] generalized scattering models to
include multiples in formulations constrained to overcome
this limitation. Frankel and Wennerberg’s [1987] model
describes coda decay as mainly due to intrinsic absorption.
Zeng et al.’s [1991] model has been used to describe
absorption and scattering effects in coda [Hoshiba, 1991;
Mayeda et al., 1992; Koyanagi et al., 1992; Jin et al., 1994]
by matching coda decay at multiple stations and multiple
time steps. That approach purports to analyze sufficient data
to separate absorption effects, described by intrinsic QI, and
scattering effects, described by scatteringQS, as a function of
frequency. In general, it is found that both Q increase with
frequency and QI  QS. This observation is in sharp contrast
with experiments on most materials for which intrinsic Q is
frequency-independent [e.g., Knopoff, 1964].
[6] Aki [1980] used the weak scattering model to describe
coda QC as a combination of intrinsic and scattering Q
given by
1
QC
¼ 1
QI
þ 1
QS
: ð1Þ
When geometric spreading is taken into account [Aki and
Chouet, 1975], the coda envelope is given by
y tð Þ ¼ A
t
exp wt=2QCð Þ; ð2Þ
where A is a constant, t is time, and w is angular frequency.
This model, based on single-scattering and the Born approxi-
mation, is sometimes referred to as Chernov scattering [after
Chernov, 1960]. To improve on the Born approximation,
Frankel and Wennerberg [1987] described a multiple-
scattering model that conserves total energy. They found that
y tð Þ ¼ Bt3=2 1 ewt=2QS
 1=2
ð3Þ
gives a satisfactory fit to synthetic seismograms calculated
by finite differences (based on a method by Frankel and
Clayton [1986]), where B is a constant. Their model makes
the assumption that because of multiple scattering, the
scattered field is uniformly distributed across the volume
contained within the expanding spherical wavefront, so that
the scattering energy per unit volume decreases as t3.
Simultaneously, scattering causes the energy in the direct
wave to decrease as exp(wt/QS) which transfers into the
scattered field as 1 exp(wt/QS). Combining these effects,
the scattered energy evolves as 1/t3 (1  exp(wt/QS)).
Converting to amplitude by taking the square root with an
additional term to account for absorption, they obtained
y tð Þ ¼ Bt3=2 exp wt=2QIð Þ 1 exp wt=QSð Þ½ 	1=2 ð4Þ
for the temporal variation of the coda envelope. Because of
the square root the coda decay is mostly dependent on QI. If
QS is large, equation (4) has the same temporal behavior as
equation (2) because to first order the term with the square
root becomes proportional to t1/2.
[7] The variation of QS with frequency depends on the
statistics of the scatterers. A power spectrum [e.g., Dainty,
1981; Wu and Aki, 1988] gives rise to power law behavior
of Q(w), with no intrinsic scale, whereas a Gaussian
spectrum [Padhy, 2005] or reflector series with an expo-
nential autocorrelation function [Banik et al., 1985a] gives
rise to absorption bands that peak at the scale length
determined by the distribution.
3. Converting Coda Magnitude Data to Coda
Decay
[8] In order to compare predictions of the various theories
and to examine the spatial variation of coda Q as a function
of frequency, an analysis of multiple seismograms at mul-
tiple stations is required. We began this research by recon-
structing smoothed versions of coda envelopes that have
been stored in highly compressed form as a by-product of
routine coda magnitude calculations in southern California.
These envelopes were then used to estimate coda Q and are
compared with estimates from waveforms in section 4. We
assumed that coda Q determined for different earthquake
sizes would give values representative of different frequen-
cies determined by corner frequency. To eliminate local site
effects, as well as station frequency response, our estimates
were made by analyzing the coda at a given station for all
earthquakes in a narrow magnitude range within 40 km of
the station. The decay of the coda envelopes with distance
for a restricted magnitude range is used to obtain Q.
[9] Coda magnitude, mC, is measured at 232 stations of
the Southern California Seismic Network (Figure 1) by
fitting the coda decay after the S wave by an empirical
function
y ¼ 10
mCþa0
tq
; ð5Þ
where t = t  tP, t is time, tP is time of arrival of the P wave,
mC is coda magnitude, and q and a0 are parameters that are
adjusted at each station to obtain a common mC. Equation
(5) is fit to averages of the (on-scale) coda envelope taken
B09302 DAVIS AND CLAYTON: CODA Q SOUTHERN CALIFORNIA
2 of 9
B09302
over 5-s intervals starting at the S wave arrival tS
[Johnson, 1979]. An example for a magnitude 2 earthquake
is shown in Figure 2.
[10] We reconstructed coda envelopes for multiple
(several million) events over narrow magnitude ranges by
dividing up the [ai, qi] for a given station into seven
magnitude bins mC = [2.0–2.2, 2.2–2.4, 2.4–2.6, 2.6–
2.8, 2.8–3.0, 3.0–3.2, and 3.2–3.6]. The higher magnitude
ranges (mC > 3.6) cause the short-period stations to saturate
and so did not provide enough data for curve fitting.
[11] Since the seismometers are velocity transducers,
spectra from individual earthquakes are peaked at the
event’s corner frequency [Brune, 1970] provided that the
bandwidth is wide enough. Two seismic channels are used
for coda Q estimates, the extremely short-period high-gain
vertical (EHZ) and high-broadband high-gain (HHZ) chan-
nels. The frequency response of the EHZ channel is flat to
velocity to about 25 Hz. To estimate representative frequen-
cies for the different magnitude bands, we compared peak
frequency as a function of magnitude by fitting a Gaussian
to the fast Fourier transform (FFT) amplitudes of wave-
forms from the EHZ and HHZ channels for a representative
set of stations (Figure 3). For the EHZ channel the combi-
nation of short-period bandwidth and corner frequency
resulted in spectral at frequencies that peaked at [10.5,
8.0, 6.0, 4.6, 3.4, 2.2, 1.2] Hz, corresponding to the above
magnitude ranges, respectively, whereas for the HHZ chan-
nels this range is [18, 16, 14, 12, 10, 8, 6] Hz.
[12] The values for the HHZ channels are similar to the
corner frequencies, whereas those for the EHZ channels are
about half the respective corner frequencies. This discrep-
ancy occurs because the combination of ‘‘extremely short
period,’’ channels with a low-pass frequency of 25 Hz from
the analog data transmission, results in a short-period filter.
[13] We then calculated the coda envelope value at twice
the lapse time (twice the S wave traveltime) for all the
events for a given station. We used events that were less
than 40 km distant from the station in order to restrict the
analysis to body waves and to avoid surface waves which
Figure 1. Map of southern California seismic network
stations used in coda Q analysis.
Figure 2. Fit of equation (5) to 5-s averages of coda (y axis
digitizer counts) after the S wave for a magnitude 2.2
earthquake using the tabulated a and q values (for station
MIR, Martinez Indian Reservation). The triangles are 5-s
averages of the absolute value of the waveform. The second
triangle from left marks the arrival of the S wave. The solid
line is calculated from equation (5) using tabulated a and q
values. The excellent fit to the data verifies our interpretation
of these values.
Figure 3. Measuring representative frequencies as a
function of magnitude bands. (a) Seismogram (HHZ channel
station RDM) with 1-sec windows N, S, and C marked by
the vertical lines left to right, where N is noise, S is S wave
and C is coda at twice the lapse time. (b) Spectral amplitudes
of selected windows of the seismogram shown in Figure 3a.
Top curve is the log amplitude spectrum of the S wave.
Lower curve is that of the coda and lowest curve is the noise.
(c) Spectral ratio (stars) of the Coda to S waves showing that
the ratio is effectively flat, consistent with high intrinsic Q.
The solid curve is the average ratio. (d) Gaussian fit to the
coda spectral amplitudes (stars) as a function of frequency
(linear plot).
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would have a 1/t1/2 geometric spreading rather than 1/t.
Twice the lapse time is used so that scattering effects are
well developed. Substituting in equation (5) for a given
station, we obtain the amplitude, yi, of the coda for the ith
earthquake as
yi ¼ 10
MCiþa0i
2tSi  tPið Þqi
: ð6Þ
These data can be used as input to a least squares inversion
to solve for the Q values in either (2) or (4). For example,
using equation (2),
yi ¼ 10
MCiþa0i
2tSi  tPið Þqi
¼ A
2tSi
exp w2tSi=2QCð Þ: ð7Þ
Taking the logarithm of (7),
ln yið Þ  ln 2tSið Þ ¼ log Að Þ  w2tSi=2QC : ð8Þ
Equation (8) is the equation of a straight line, which is fit to
the data to determine 1/QC. Alternatively, we use an
iterative nonlinear inversion to fit QI and QS values from
equation (4). Traveltimes of P and S waves were obtained
from the Southern California Earthquake Center velocity
model [Magistrale et al., 2000] for the event-station paths.
Equation (7) is plotted versus the yi for a subset of the
stations in Figure 4. The fits are quite noisy, but because of
the order of 500 points are used, the parameters are
reasonably well resolved. Many stations exhibited this level
of fit. Stations were not used if the standard deviations of
the fit were greater than 20% of the Q value. This occurred
if either the number of earthquakes was too small or the
earthquakes were too clustered to give a wide range of lapse
times.
4. Coda Q Waveforms
[14] To check the coda magnitude method and to
add independent measurements, we used waveforms in the
M = 2–4 range for all available EHZ (extreme short-period
high-gain vertical, 100 samples per second) channels, 1985
to present and all HHZ channels (high-bandwidth high-gain
verticals) 2000 to present. We limited the maximum number
of waveforms to 1000 events for each station. A program
was written to identify all events in a 40 km radius of a
station. Then these data were requested from the triggered
channels of the SCEDC using the seismogram transfer
program STP. A total of 188,052 seismograms were
retrieved and analyzed for the 458 stations of the network,
i.e., on average, 410 per station. Some reasons why this
number is less than the requested 1000 include that some
stations did not trigger, data were noisy, and a station was
down for that time interval. Each seismogram was divided
into 1-s windows to obtain samples of the noise, N, prior to
the P arrival, S wave data, S, centered on the S wave arrival,
and coda, C, at twice the S wave lapse time (Figure 3). The
windowed data were demeaned, Fourier transformed, and
converted to amplitude. For the coda analysis the C(w) were
corrected for noise energy using
C wð Þ !
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 wð Þ  N2 wð Þ
p
: ð9Þ
The C(w) were then averaged over frequency bands [1–3,
3–6, 6–9, 9–12, 12–15, 15–18, 18–21] Hz, and normal-
ized by moment, M0, using the moment magnitude relation
m = 2/3log10 M0  6.07. We refer to these as the [2, 4.5, 7.5,
10.5, 13.5, 16.5, and 19.5] frequency bands. The resulting
C(w) were fit to
C wð Þ ¼ a1
t
exp  wt
2QC wð Þ
 
ð10Þ
Figure 4. Coda amplitudes at various stations of the
Southern California Seismic Network estimated from
equation (6) at twice the lapse time plotted as a function
of distance (km). The solid lines are least squares fits of
equation (7) for the magnitude range 2.0–2.2 (f = 10.5 Hz).
Values of coda Q estimated from the exponential decay are
about 800–1000.
Figure 5. Coda Q as a function of frequency from coda
waveforms. The approximately linear increase with fre-
quency is consistent with the asymptotic behavior of the
telegraph model and frequency-independent intrinsic Q.
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using equation (8) to find QC (w) for all data for a given
station in each frequency band. Stations were not used if the
number of events in the spatial-temporal box was too small
or if the ratio of Q to its standard deviation, s, i.e., Q/s was
too low. The number of the 458 stations satisfying Q/s > 5
for four or more frequency estimates was 169 stations, i.e.,
with errors less than 20%. The coda Q plotted as a function
of frequency in Figure 5 show a linear dependence on
frequency with a slight downward curvature that is
discussed in section 6.
5. Comparison Between Coda Magnitude and
Waveform-Derived Coda Q
[15] Comparison of the statistics of all fits of the coda
magnitude and waveform methods (equation (8) or (10)) to
amplitude decay gives a median standard deviation for the
coda Q in each band about 40% and 26%, respectively, of
the estimated values. The agreement between the two
populations was not expected to be exact. A comparison
between coda Q for each method is shown in Figure 6,
where the data have been limited to Q/s > 5. For some of
the best determined stations the agreement was excellent,
with 82% of the values within 50% of each other, but a
range less than the 95% expected by these statistics. Both
methods find that coda Q increases with frequency to first
order in a linear fashion. Both also agree on the general
trends that basins and the Salton Sea area have low Q, with
mountainous areas having significantly higher Q. Figure 7
shows stations in the southern California network for which
the magnitude and waveform methods had four or more
frequency bands with Q/s > 5. In general, the agreement
between the two methods is good. LRM (Laurel Mountain)
is an exception for which we do not have an explanation.
We excluded the Coso network because many events
saturated those sensors.
[16] This analysis was begun to test if the coda magnitude
data could serve as a reliable and accessible method for
obtaining coda Q as a function of frequency. Comparison
Figure 6. Log-log plot of coda Q determined from coda
magnitudes versus coda Q from waveforms for estimates
with Q/s > 5. Solid lines correspond to Qmagnitude =
2Qwaveforms, Qmagnitude = Qwaveforms, and Qmagntiude =
1/2Qwaveforms, from top to bottom.
Figure 7. Comparison between Qmagnitude (dots) and Qwaveforms (pluses) for selected stations for which
the determinations in both cases have a standard deviation of less than 20% of the Q values (Q/s > 5).
The solid curves are the combination of scattering Q and intrinsic Q from equation (12). Repeated
stations are for estimates from either different channels (EHZ, HHZ) or time intervals.
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with direct waveforms reveals that although the coda
magnitude method works satisfactorily, it gave more noisy
results. It is not a substitute for using the waveforms
themselves but can be used to obtain approximate estimates
where waveform data have not been archived.
[17] As a final step in the analysis, smoothed spatial maps
of the coda Q were constructed for comparison with the
geology of the region. The coda Q output of the waveform
and magnitude analysis is visualized in maps of coda Q
shown in Figures 8a and 8b for the 10.5-Hz frequency band.
The data used were restricted to those for which the
standard deviation of the fit was less than 20% of the coda
Q value. This restriction resulted in 122 magnitude-based
stations and 169 waveform-based stations. The maps show a
similar range of values and spatial variation, bearing in
mind that individual estimates are accurate to 20%. The
combined plot is shown Figure 8c. The maps use the Matlab
program Griddata with cubic interpolation. Thus the color is
only accurate at the station locations themselves, but it
serves to highlight clusters of stations with similar values.
6. Discussion
[18] Both methods of analysis show that coda Q increases
nearly linearly with frequency with a slight downward
curvature seen in the high-frequency data from the wave-
form analysis. These results are consistent with observations
elsewhere. A compilation of coda Q results from around the
world [Padhy, 2005] shows that the data are well fit by an
absorption band (1/Q) peaked at about 0.5 Hz. The associ-
ated Q variation, the inverse of the absorption, has high
values at DC decreasing to a minimum at 0.5Hz, after which
it initially increases linearly and then curves to become
asymptotic to a constant value at high frequency. All of
Padhy’s reported measurements are on the high-frequency
side of the absorption peak, as are ours (f > 2 Hz), while the
low-frequency Q are inferred from long-period body and
surface waves but are not well resolved.
[19] A number of scattering models have been proposed
that can explain the observed variation with frequency [e.g.,
Dainty, 1981; Wu and Aki, 1988]. If the heterogeneities in
the crust have a power spectrum given by P(k) = km, where
k is wave number, then weak scattering models find [Wu
and Aki, 1988]
1
Q
¼ 1
Q0
w1m; ð11Þ
m = 1 corresponds to frequency-independent Q while m = 2
has Q, increasing linearly with frequency. In either case, an
absorption band is not predicted. A candidate model that
appears in the literature, which exhibits absorption band
behavior, is the telegraph model. The telegraph model as
applied to reflection seismology describes multiple scatter-
ing within layering that has a reflector series with an
exponential autocorrelation function [e.g., Banik et al.,
1985b]. The attenuation of the telegraph model is given by a
function of the form
1
Q wð Þ ¼
2
Qmin
w=wc
1þ w=wcð Þ2
; ð12Þ
where wc is given by 2/(average travel-time) in the layers
[Banik et al., 1985b] and Qmin, which corresponds to
maximum apparent absorption (minimum Q) from destruc-
tive interference of the scattered signals, occurs at w = wc. It
has been noted that equation (12) has identical frequency
dependence to that of the standard (viscoelastic) solid and as
Figure 8. Maps of coda Q. (a) Magnitude-determined
values for the magnitude range mC = [2.0–2.2] correspond-
ing to 10.5 Hz. (b) Waveform-determined values for the 9–
12 Hz band. (c) Combined magnitude and waveform-
determined values.
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Wennerberg and Frankel [1989] note, it is not possible to
resolve between them on the basis of frequency dependence
of Q. In making a choice we appeal to attenuation results
from deep borehole seismometers.
[20] Our choice of the telegraph model was predicated on
the observations that Q effects in boreholes are greatest near
the surface. In the early 1990s, seismograms were measured
at various depths in a 3-km-deep borehole in Cajon Pass,
California [Abercrombie, 1995, 1997, 1998], which
revealed that attenuation concentrates toward the surface.
Similar results were found in boreholes up to 1 km deep in
Parkfield, California [Abercrombie, 2000]. Abercrombie
[1998, p. 481] finds that for an ‘‘earthquake recorded at
Cajon Pass wellhead, with a hypocentral distance reaching
15 km, over 90% of the attenuation would occur in the
upper 3 km, 80% in the upper 1.5 km, and 50% in the upper
300 m (at frequencies of a few Hz and above).’’ At 2.5 km
depth, Abercrombie [1998, p. 481] finds that spectra from
distant local earthquakes exhibit the ‘‘exponential fall-off
predicted by the frequency-independent Q model used over
two decades of frequency bandwidth,’’ whereas Q from
surface data exhibited a strong frequency dependence below
10 Hz (w1.8) but at higher frequencies, the frequency
dependence weakens (w0.34) [Adams and Abercrombie,
1998]. It is generally recognized, using shallow borehole
data, that a considerable fraction of the attenuation between
an earthquake and the surface occurs in the upper hundreds
of meters [Assimaki et al., 2006]. We conclude that the
borehole surface data exhibit the absorption band behavior
that we see in our coda magnitude analysis. The fact that the
frequency dependence of Q is absent, or less obvious, at
depths greater than 3 km suggests that the coda Q obtains its
frequency dependence in the upper 3 km, probably concen-
trated toward the surface. We further argue that since
multiple scattering is necessary for generation of the coda
durations that last many tens of seconds from earthquakes
with a source time of a fraction of a second, it can also
explain the inferred absorption band.
[21] The telegraph model has been shown to adequately
describe the statistics of impedance variation with depth that
consists of a sequence of uncorrelated random steps. The
impedance remains constant between steps for intervals
with lengths determined by the (Poisson) probability of no
change in an interval, t, proportional to ewc t/2. The atten-
uation is given by equation (12). The telegraph model is a
smoothed version of the O’Doherty and Anstey [1971]
result that for multiple reflections the log amplitude spec-
trum of the transmitted pulse, T, equals the power spectrum
of the reflection coefficient series R,
T wð Þ ¼ exp R wð Þt½ 	; ð13Þ
which gives Q as
1
Q
¼ 2R wð Þ
w
: ð14Þ
[22] The telegraph model has used successfully to relate
seismograms measured at the surface to the reflection series
obtained from borehole logging. A formal proof of equation
(13) was provided by Banik et al. [1985a] that supple-
mented the heuristic derivation of the original authors.
Banik et al. [1985b] tested equation (13) against well log
data from the North Sea showing that the smoothed well log
data fit the telegraph model, which serves to describe the
stochastic behavior derived from multiple events. Given its
success, we examined its applicability to the earthquake
situation albeit at longer wavelengths.
[23] In the coda Q case we are comparing packets of
multiples at different lag times over 1-s windows. Thus our
method of analysis does not pertain to the low-frequency
part of the model because by sampling a 1-s window of
coda at twice the lapse times, it does not include the
Figure 9a. A high-frequency wavelet (top) convolved
with the reflector series to generate a simple synthetic
seismogram which, because of multiple reflections, has high
apparent Q.
Figure 9b. Synthetic from a lower-frequency wavelet
incident on the same reflector series has an order of
magnitude lower Q. In each case, intrinsic Q was taken as
infinity. Thus the observed apparent Q are due to scattering
(trapping) which is much more effective for the high-
frequency case.
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low frequencies of the initial pulse. Therefore we assume
that the high-frequency part of the telegraph model
(equation (12)) applies to coda data, which becomes simply
Q wð Þ ¼ a1w ¼ Qmin
2wc
w; ð15Þ
where a1 is a constant to be determined. The final analysis
assumed that QI is frequency-independent, whereas for QS
in equation (1) we apply the telegraph model equation (15).
Combining equations (1) and (15),
1
QC wð Þ ¼
1
QI
þ 1
a1w
: ð16Þ
The combined equations (2) and (16) were fit to the 1/QC
(w) data for each station by varying a1 in each case and QI
globally. The QI term in equation (16) gives rise to the
positive curvature in Figures 5 and 7. A best fit for a global
QI  3000 was higher than expected for previous Q studies
[e.g., Sarker and Abers, 1998; Schlotterbeck and Abers,
2001; Husker et al., 2006; Hauksson and Shearer, 2006]
which obtain values of about 1000, but those studies do not
separate scattering and intrinsic Q. Our total Q range from
100 to 1500, which is similar to those studies. As a check on
the high value of intrinsic Q, we took spectral ratios of coda
to S waves (Figure 3), which, although scattered, were in
general flat enough to be consistent with such large values
of intrinsic Q.
[24] The frequency of peak absorption could not be
determined from these data, but taking into account the
results of Padhy [2005], we expect that a value of 0.5 Hz
(wc = 2p fc = 2p 0.5 Hz) is likely to be common across all
stations.
[25] A fit of equation (4) to the data revealed, as is well
known, that because of covariance it is not possible to
separate intrinsic from scattering Q. Letting both vary with
frequency gives similar statistics to equation (16). Our
justification of equation (16) is that (1) most materials show
frequency-independent intrinsic Q and (2) the a priori
assumption (based on borehole data) that largest frequen-
cy-dependent effects occur in the uppermost crust and the
telegraph model is likely to explain the scattering on the
basis of its success in exploration geophysics.
[26] Our model implies that the coda are composed of
scattered S waves that reverberate in the upper crust and that
because scattering is anisotropic and concentrated toward
the surface, energy leaks into the lower crust and mantle
from where it is lost. A similar model was suggested by
Langston [1989]. We adopted the telegraph model because
of its effectiveness in the reflection seismology industry, but
the earthquake problem is at a larger scale than this analog.
If we were to consider the full seismogram, including the
initial pulse, rather than the 1-s windows of coda, the
transfer function between an incident pulse from below
the upper crust to that at the surface, including its coda,
would then follow the telegraph model in its entirety
(equations (2), (12), (13), and (14)). Then the spectrum
would include all the low frequencies of the pulse, including
DC, which are immune from scattering until wavelengths
become comparable to the characteristic wavelengths
of the near-surface stack of scattering layers where
peak absorption occurs. Smaller wavelengths become
trapped, with energy decaying as it leaks downward. If
absorption continued to increase at lower frequencies (e.g.,
equation (16)), microseisms or teleseisms would show much
greater decay than is observed.
[27] A simple analogue that illustrates the effect of
stratigraphic filtering by the telegraph model is multiple
scattering within a layer over a half-space. Consider a high-
frequency wavelet (Figure 9a) that reverberates in the layer
and sheds energy into the half-space below. The seismo-
gram, calculated as a convolution of the wavelet and
reflector series, has a high Q as judged by the number of
cycles in exponential folding time (Figure 9a). In this high-
frequency case the Q is determined by the number of cycles
that fit within the decay time of the reflector series. For a
lower-frequency wavelet (Figure 9b), trapping is ineffective,
the decay occurs over much fewer cycles, and a much lower
Q is inferred. This simple example gives rise to Q increasing
with frequency due to scattering. At long wavelengths the
layer is virtually invisible, and Q rises again. All frequen-
cies in the coda experience the same attenuation factor,
which converted to Q gives the apparent increase of Q with
frequency.
[28] Other tests were applied to the magnitude-determined
coda data. We searched for a dependence of Q on either
azimuth or depth of earthquakes and were unable to resolve
any statistically significant variation. In addition, we
searched for an annual term using 1/Q(t) = 1/Q0 + Acos
wyt + Bsin wyt, where wy is the angular frequency
corresponding to a calendar year. Of the 232 stations
examined, only about six yielded A and B values that are
statistically significant at the 95% level. These stations are
widely scattered, and such a small number might be
expected just because of chance.
7. Conclusions
[29] Deep borehole results on Q suggest that the high-
frequency dependence of coda Q is due to scattering multi-
ples in the upper 3 km and the decay is caused by
progressive leakage of energy into the transparent lower
crust and mantle. We analyzed coda Q envelopes using both
magnitude-derived values and waveforms from stations
of the Southern California Seismic Network between 2 and
19 Hz. Combined with estimates from earlier studies, we
conclude that the upper crust has a transfer function
determined by a combination of intrinsic attenuation and
scattering described by the telegraph model. The frequency
dependence of Q is given by
1
QC wð Þ ¼
1
QI
þ 2
Qmin
w=wc
1þ w=wcð Þ2
: ð17Þ
The telegraph model describes an absorption band that has a
power law decay (1w) at high frequencies and a peak
absorption w = wc = 2p (0.5 Hz) related to the average size
of scattering layers in the upper crust.
[30] Coda envelopes contain high-frequency multiples
which were fit by a high-frequency version of equation (17):
1
QC wð Þ ¼
1
QI
þ 2
Qmin
1
w=wcð Þ ; ð18Þ
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which gave QC(10 Hz) values between 100 and 1200,
similar to previous studies, but suggests QI  3000.
[31] The Q values at a given site do not exhibit seasonal
variation. Also, they do not show significant azimuthal
variation, suggesting that coda Q is a good measure of
site effects but local multiples must be taken into account,
nor do Q values show depth variation. At low frequencies
(1–10 Hz), according to this model, the coda Q is domi-
nated by scattering effects and is largely independent of
intrinsic Q. The highly heterogeneous spatial variability of
coda Q at different stations suggests that the scattering is a
local effect in the uppermost crust below the station. If so, it
should be repeatable for events arriving along similar paths,
which may explain the effectiveness of double differencing
that relies on correlations of long wave trains of coda from
nearby events. In the vicinity of a station the incident paths
tend to coincide and so to sample the same scattering series.
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